
Physis of an Intense Neutrino Beamfrom BNL to a Very Long BaselineDetetorZohreh Parsa1Brookhaven National Laboratory, Physis Dept., 510 A, Upton, NY 11973, USA.Abstrat. An intense neutrino faility allows probing of the neutrino mixing angles,mass hierarhy, and leptoni CP violation. Physis potential, for making preisionmeasurements of all neutrino osillation parameters (�ij , �m2ij , Æ) using a wide band�� beam, to a (very long baseline) detetor is presented. Potential of a Neutrinobeam from Brookhaven National Laboratory to a 2540 km baseline (with 0.5 megaton)detetor at Homestake Mine in South Dakota, is (under study by our neutrino workinggroup) disussed. Shemais of the beam faility for the AGS upgrade to 1 MW witha yle time of 2.5 and 1014 protons on target at 28 GeV; and a map with possibledetetor sites are also inluded.INTRODUCTIONSuess of the atmospheri and solar neutrino experiments that has providedevidene for non - zero neutrino masses and mixing has inreased our interest inneutrino osillation searhes using aelerator reated neutrinos. Protons from anaelerator (e.g. AGS) would hit a target (e.g. Merury Jet, or graphite), andprodue bursts of partiles e.g., pions, that deay to muons, whih then deay toneutrinos. To fous the beam a magneti horn (and/ or solenoid) an be usedto keep the partiles from spreading and to diret the beam in the detetor(s)diretion. After leaving the horn pions deay into neutrinos.Upgraded onventional Neutrino horn beams (Superbeams) are being onsidered(at BNL) for probing of the neutrino masses, mixing angles, leptoni CP violation,matter e�ets, new interations, et. We disuss in the following setions: Physis& Extra long baseline experiment; AGS Upgrade; Neutrino Superbeam; Detetor;and Outlook.1) Supported by US Department of Energy ontrat Number DE-AC02-98CH10886. E-mail:parsa�bnl.gov, URL: http://www.neutrino.bnl.gov, member of BNL Neutrino Working Group



PHYSICSThe Atmospheri Neutrino \Anomaly" suggests that GeV ��'s (from p + N !� ! ���) disappear while traversing the Earth's diameter, indiating �m232 =m23�m22 = �2:0+1:0�0:7� 10�3�(eV )2 for sin2 2�23 ' 0:85� 1:0. The value of �m232 hasdereased over the years, with reent redutions from [3℄ 3:0! 2:5! 2:0�10�3eV2.Fortunately this hange is good, for experiments with very long baselines ( L '2000{4000) suh as our BNL to HomStake, (WIPP or Henderson) proposal .Solar neutrino (�e ! �e and �e ! �k) osillation experiments and the Kamlandreator study of ��e disappearane prefer [4℄ �m221 = m22�m21 = 7:3� 1� 10�5eV2,and sin2 2�12 ' 0:84� 0:10.Inreased interest in the Neutrino osillation physis span from the solar neutrinode�it and some evidene for �� ! �e, osillations (from the LSND experiment),as well as the exiting atmospheri neutrino results inluding measurements ofthe atmospheri Muon - Neutrino de�it from the SuperK (Superkamiokande) ex-periment that has provided onvining evidene for lepton avor violation. Theexperimental results interpeted is based on osillation of one neutrino avor �e,��and �� , (state j�` >; ` = e; �; �) into others and are related to the neutrino masseigenstates j�i >; i = 1; 2; 3 (with masses mi) by U a 3 � 3 unitary matrix, withij = os �ij, and sij = sin �ij:U = 0B� 1213 s1213 s13e�iÆ�s1223 � 12s23s13eiÆ 1223 � s12s23s13eiÆ s2313s12s23 � 1223s13eiÆ �12s23 � s1223s13eiÆ 2313 1CAExtra Long-Baseline PhysisExtra-long neutrino ight paths provide the possibility of observing multiplenodes of the neutrino osillation (probability) in appearane and disappearaneexperiments. Observation of suh a pattern will diretly demonstrate the osillatorynature of the avor hanging phenomenon. For �xed distane L, the osillationmaxima will our roughly at energies ofE�(n) = �m232L2(2n� 1)� ;n = 1; 2; 3; : : :For a given E� and L, the osillation of �� ! �e appearane an be desribed by:P (�� ! �e) = 4(s22s2323 + JCP sin�21) sin2 �212+2(s1s2s31223 os Æ � s21s22s2323) sin�31 sin�21



P(νµ→νe) with 45o CP phase
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FIGURE 1. Probability of �� ! �e and ��� ! ��e osillations at 2540 km assuming a 45o CPviolation phase, inluding matter e�et.+4(s21212223 + s41s22s2323 � 2s31s2s31223 os Æ�JCP sin�31) sin2 �212 + 8(s1s2s31223 os Æ�s21s22s2323) sin2 �312 sin2 �212 + matter e�etsWhere, i � os�i, si � sin�i, JCP � s1s2s31223 sin Æ, �31 � �m231L=2E� , and�21 � �m221L=2E� .JCP is an invariant that quanti�es CP violation in the neutrino setor; �31 is theatmospheri term and �21 is the solar term [7℄. For P (��� ! ��e) the above formulaholds exept JCP terms will have opposite sign and matter e�et will hange.The osillation is primarily due to the �rst term linear in sin2 �312 , and osillationprobability rises for lower energies due to the terms linear in sin2 �212 .The interferene terms involve CP violation and they reate an asymmetry be-tween neutrinos and anti-neutrinos. The CP asymmetry grows linearly with dis-tane: ACP = P (�� ! �e)� P (��� ! ��e)P (�� ! �e) + P (��� ! ��e)



' 2s112sinÆs2s3 �m221�m231 �m231L4E� +O(�221)+matter e�ets:(1)or is given by (to order of �m221 assuming sin2 2�13 is not too small)ACP ' os �23 sin 2�12 sin Æsin �23 sin �13  �m221L4E� !+matter e�etsIn this expression, the asymmetry grows linearly with distane and inreases as �13gets smaller, noted earlier.
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FIGURE 2. Example of expeteted �� disappearane spetra, without osillations; (the mid-dle) with osillation and (the bottom histogram shows) the bakground ontribution to the os-illating spetrum. This spetrum has improved with derease in �m232, with reent redutionsfrom [3℄ 3:0! 2:5! 2:0� 10�3eV2.Fig. 1 inludes the matter e�et sine matter will enhane (suppress) neutrino(anti-neutrino) onversion at high energies and will lower (inrease) the energyat whih the osillation maximum ours, detetion of matter enhanement e�etan be made by measuring the asymmetry between neutrino and anti-neutrino



osillations (or by measuring the spetrum of eletron neutrinos whih also providethe sign of �m232).If both the CP violation and the signal to �� ! �e is large then e�ets of CPviolation an be measured with only the (��) neutrino beam. It grows linearly withderease in energy or the inrease in baseline. For extra-long baseline experiments,omparison of the signal strength in the �=2 node versus the 3�=2 (or higher) nodeswill provide measurements of CP violation.AGS UPGRADE AND �BEAM

FIGURE 3. Shemati of the BNL-AGS RHIC faility showing loation of the new beam-linefor sending a neutrino beam to Homestake mine in South Dakota, and any detetor in the Westerndiretion.The preliminary design of the BNL-AGS upgrades and the new neutrino beamhas been produed by the AGS department [8℄ to reah an AGS power of e.g. 0.53MW (1:2 � 1021ppp) in its �rst phase and 1.3 MW (1:2 � 1021ppp) in the seondphase.In the �rst phase the LINAC will be improved to injet protons to the boosterat 400 MeV (at present it is 200 MeV), and the booster energy inreases to 2.5 GeVfrom 1.8 GeV. The addition of a �xed �eld aumulator storage ring between the



booster and the AGS main ring will inrease the AGS input beam from the present4 booster pulses per AGS aeleration to 6 booster pulses per AGS aelerationand, at the same time, inrease the AGS frequeny from 0.6 Hz to 1.0 Hz. TheAGS power inrease would be from 0.14 to 0.53 MW. The new aumulator willbe in the same tunnel as the AGS. In the seond phase of the upgrades the AGSrepetition rate will be inreased to 2.5 Hz to reah a total beam power of 1.3 MW.The proton beam is to be elevated to a target station on top of the hill. And thenew proposed fast extrated proton beam line in the U-line tunnel will ome o� theline feeding RHIC. And will turn west, a few hundred meters before the horn-targetbuilding. In addition to its 90 degree bend, the extrated proton beam will be bentupward through 13.76 degrees to strike the proton target. The downward 11.30degree angle of the 667.8 ft meson deay region will then be aimed at the 2500meter level of the Homestake Laboratory. This will require the onstrution of a39 meter hill to support the target-horn building, so as to avoid any penetration ofthe water table. At its midpoint (about Lake Mihigan) the enter of the neutrinobeam will be roughly 120 km below the Earth's surfae. (For a shorter baseline e.g.,to Lansing NY in approximately the same diretion as Homestake the hill won't beneeded. Various ombinations of the proton transport and the target station forthe extra-long, (short/intermediate) baselines are being onsidered.)

FIGURE 4. Possible extra long neutrino baselines from BNL to Lead (Homestake) SD(� 2540Km, 11.5 degrees dip angle), to Carlsbad (WIPP) NM (� 2900km, 13.0 degrees), and tothe Henderson Mine in Colorado.



DETECTORS FOR THE VERY LONG BASELINEEXPERIMENTThere is an interest to onvert the Homestake Gold Mine in Lead, South Dakotainto a National Underground Siene Laboratory (NUSL). This will provide uniqueopportunity for an extra-long baseline neutrino osillation experiments from BNL.The extra-long baseline is 2540 km from the (Brookhaven National Laboratory)BNL to Lead, South Dakota. The proposed NUSL faility is to aommodate anarray of detetors with about 1 Megaton total mass. Most of these will be waterCerenkov detetors that an observe neutrino interations in the desired energyrange with suÆient energy and time resolution.Other detetor types (e.g. Liquid Argon), and sites are also being onsid-ered, e.g.,Henderson Mine in Colorado, the Waste Isolation Pilot Plant (WIPP) lo-ated in an anient salt bed at a depth of � 700m near Carlsbad, New Mexio, et.The distane from BNL to WIPP is about 2880 km,. The osmi ray bakgroundwill be higher at WIPP beause the faility is not as deep as Homestake (with levelsas deep as � 2500m). OUTLOOKFour goals of neutrino physis: preise determination of �m232, observation of�� ! �e appearane, measurement of matter e�ets, and detetion of CP violationare all possible with an intense neutrino broad band beam, very long distanebaseline, and large detetor. Both very long O(2500 km) and intermediate O(400km) baseline experiments an be staged (from Brookhaven) as the AGS is upgradedto .5 MW, as muh as 2.5 MW or higher (4 MW needed for a Neutrino Fatory).AGS improvements will also allow rare muon and kaon deay studies, muon EDMmeasurements, et. Thus providing additional windows for disovery.REFERENCES1. Z. Parsa, � Superbeam for BNL-se Prods. PAC20001, Chiago, Ill. ; ibid, Prods.EPAC2002, Paris Frane (2002). Presentation here are, from [1℄-[8℄ and Refs therein.2. BNL Neutrino Working Group: M. Diwan et al., hep-ex/0211001.ibid, Phys. Rev.D68, 012002; LOI submitted to BNL (April 2002) and Refs therein.3. Y. Hayato, HEP2003 talk, Aahen Germany July 2003. For a review see V. Barger,D. Marfatia and K. Whisnant, Int. J. Mod. Phys. E12, 569 (2003).4. SNO Collaboration, Q. Ahmad et al., nul-ex/0309004; A. Balantekin and H. Yuksel,hep-ph/0309079.5. CHOOZ: M. Apollonio et al., Phys. Lett. B466, 415 (1999), Palo Verde: F. Boehmet al., Nul. Phys. Pro. Suppl. 91, 91 (2001)6. C. Jarlskog, Z. Phys. C29, 491 (1985); Phys. Rev. D35, 1685 (1987).7. W. Mariano, \Extra Long Baseline Neutrino Osillations and CP Violation", hep-ph/0108181, (22 Aug, 2001).8. D Beavis et al., BNL Report 52459, AGS proposal 889.


